This paper quantifies the CO2 emissions embodied in bi-lateral trade between Australia and China using a sectoral input-output model. The results revealed: (1) that China performs lower than Australia in clean technology in the primary, manufacturing, energy sectors due to their overuse of coal and inefficient sectoral production processes, and (2) that China had a 30.94 Mt surplus of bi-lateral CO2 emissions in 2010-2011 and (3) overall global emissions were reduced by 20.19 Mt through Australia-China trade in 2010-2011. The result indicates that the greater the energy efficient a country among the trading partners the lower will be the overall global CO2 emissions. Global emissions decreased mainly because China consumed Australian primary products rather than producing them. Australia is an energy efficient producer of primary products relative to China. The bilateral trade compositions and trade volume played an important role in lowering global emissions and therefore one can view proposed China Australia Free trade Agreement positively in reducing global emissions. However, for the sustainable development, China should strengthen clean energy use and both countries should adopt measures to create an emission trading scheme in order to avoid protectionism in the form of future border price adjustments. Abstract This paper quantifies the CO2 emissions embodied in bi-lateral trade between Australia and China using a sectoral input -output model. The results revealed: (1) that China performs lower than Australia in clean technology in the primary, manufacturing, energy sectors due to their overuse of coal and inefficient sectoral production processes, and (2) that China had a 30.94 Mt surplus of bi-lateral CO2 emissions in 2010 -11 and (3) overall global emissions were reduced by 20.19 Mt through Australia-China trade in 2010-11. The result indicates that the greater the energy efficient a country among the trading partners the lower will be the overall global CO2 emissions. Global emissions decreased mainly because China consumed Australian primary products rather than producing them. Australia is an energy efficient producer of primary products relative to China. The bilateral trade compositions and trade volume played an important role in lowering global emissions and therefore one can view proposed China Australia Free trade Agreement positively in reducing global emissions. However, for the sustainable development, China should strengthen clean energy use and both countries should adopt measures to create an emission trading scheme in order to avoid protectionism in the form of future border price adjustments.
1.Introduction
China ranks as the biggest trading partner for Australia and Australia remains the eighth largest trade partner for China since 2008. Australia's export of goods and services to China are mainly primary and they have grown rapidly with an average annual growth rate of around 25 per cent, whereas imports from China are mainly manufactured products that have emissions may not be effective if imports continue to contribute to domestic consumption (Wyckoff and Roop, 1994 ) because this will result in increased CO2 embodiments via imports and undermine every effort being made to address global warming.
Both countries are under pressure on climate change negotiations to reduce their greenhouse gas emissions by imposing credible measures. If these calls are to be heeded, appropriate statistical evidence of all aspects, including bilateral sectoral carbon leakage, must first be made available. Despite those facts, only a few recent studies (Tan et.al. 2013 ) have examined the CO2 emissions embodied in the Australia-China trade in a bilateral context using Emissions Embodied in Bilateral Trade (EEBT), even though trade between these two countries has been expanding rapidly since 2006 ( Figure 1 ) and a China Australia Free trade Agreement (ChAFTA) has been signed recently. This study will not only fill this existing research gap on bilateral carbon leakage, it will also take Australia and China bilateral trade as a special case for exploring the nature of CO2 embodiments for primary and manufactured trade. Exports Imports Net exports to China complementarity between Australia and China, showing that freer trade will tend to increase their mutual trade gains (McDonald et al., 2005) . The authors estimated the revealed comparative advantage (RCA) 1 indices and applied global trade and environment model (GTEM) in their analysis.
Australia's export of goods and services to China (Zhao and Wu, 2006) .
The ChAFTA was signed off in 2015 after a decade long negotiations. If this agreement is fully implemented, then 95 per cent of Australian exports (mainly primary products) will be tariff free in China and allow greater access in China's market for Australian goods and services, increase investment in Australian industry and infrastructure and access for cheaper Chinese manufactured goods in Australia. 1 RCA is defined as observed trade patterns that show both relative costs and variation of factor intensities. This measure is an indirect measure to resolve the difficulties in measuring comparative advantage.
Since 2014, China's GDP growth began falling to around 7 per cent and recorded its lowest level of growth since the economic reforms were introduced in the early 1980s. As a consequence, one can observe a reducing role of commodity-based infrastructure sectors in the economy and shifting investments on more consumption-based sectors in future. The expectation is that this hinders Australian resource exports to China but not ruling out exports of agriculture, services, tourism and education. In the meantime, if a ChAFTA is implemented successfully and appropriately then there will be a rapid increase in primary exports from Australia and manufacturing imports from China. Such a structural change in bilateral trade composition and trade volumes has implications in bilateral energy use, bilateral emissions and overall global emissions in future.
Carbon leakage
Greater global integration increases the division between the location of production and consumption and requires sophisticated methods for accounting global emissions in order to reach agreements in reducing CO2 emissions on global climate change negotiations. These concerns have resulted in a call for the Kyoto protocol. The Kyoto protocol is fundamentally a non-discriminatory global policy to simultaneously and significantly reduce carbon leakage and loss in competitiveness. Any sub-global policies to reduce greenhouse gas emissions are potentially sensitive to both carbon leakage and loss in competitiveness for carbon constrained countries because they discriminate against carbon constrained and non-carbon constrained countries.
Carbon leakage may be defined as the displacement of carbon emissions as a consequence of a shift in their environmental policy by a sector/industry and/or country. In the recent past industry perspective carbon leakage across countries has been linked to competitiveness, where the competitiveness of an industry reflects its ability to maintain profits and market share. Carbon constraint nations are likely to import from nations with lesser environmental standards and as a result end up uncompetitive in an industry with pollution concentrated products (Antweiler et al., 2001) . Thus, non-carbon constrained countries gain the upper hand in pollution intensive industries relative to carbon constrained countries.
If these concerns are to be heeded, appropriate statistics of carbon leakage and loss of competitiveness must first be estimated upon global and bilateral trade by nations. The traditional production based approach in our Australia -China bilateral trade example means that China is made accountable for their emissions despite the fact that some of their production is consumed in Australia. A consumption based approach to account for greenhouse gas permits emissions to be allocated to individual nations in a reliable manner, based on their final consumption (Wiedmann, 2009 ). This method estimates CO2 emissions regardless of where they were produced and promotes equity by allocating the reductions appropriately while avoiding carbon leakage, by increasing the option of mitigation (Peters and Hertwich, 2008) .
Most empirical studies on a consumption based approach adopted global supply chains using multi-region input-output (MRIO) analysis that only consider final consumption to avoid double counting (Wiedmann, 2009) . MRIO analysis is able to capture the entire economic structure across countries within a particular year by considering all the trade linkages with a large bundle of goods (Wiedmann, 2009 (Sinden et al., 2011) . Considering bilateral trade, this study incorporates the EEBT method to analyse the total trade flows between Australia and China.
Based on the EEBT approach, China's CO2 emissions, which were directly attributable to the production of manufactured exports for consumption, were estimated to be between 7 per cent and 14 per cent for USA (Shui and Harris, 2006) and around 4 per cent for UK (Li and Hewitt, 2008) respectively. Chemicals, fabricated metal products, and non-metallic mineral products and machinery were subjected to higher carbon leakage in bilateral China -USA trade (Guo et al., 2010) . Estimations also show that bilateral trade could reduce the intensity of CO2 emissions over time by improving energy efficiency and structural change. For example, the carbon intensity of China was about 11.5 times that of Japan's in 1990, but this was reduced to 4.2 times the level of Japan's economy by 2000 (Liu et al., 2010) . For the China -USA trade, the net export of CO2 emissions increased from 2002 to 2005 but decreased from 2005 to 2007. This decrease was mainly due to a decline in the intensity of CO2 emissions, a reduction in the exchange rate, and lower imports that embodied CO2 emissions (Du et al., 2011) . However, China's exports consist of products that come from less-polluting labour-intensive sectors in the past. One would expect that currently China is experiencing rapid trade-related increases in emissions as it produces more highly-polluting capital-intensive products. Using a sixteen manufacturingindustry one nation linked inputoutput model, He and Fu (2014) This paper intends to quantitatively examine the sectoral carbon content of the bilateral Australia -China trade, and also assess its impact on domestic and global CO2 emissions.
The rest of this paper is arranged such that the second section discusses the method adapted to measure the intensity of CO2 emissions, CO2 emissions embodied in Australia-China
Trade, Global CO2 emissions due to Australia-China Trade, and the sources of data. The third section discusses the results, the fourth section contains the discussions, and the last section is the conclusion and policy implication of this study.
Methods
This study uses the sectoral level inputoutput model. As a tool, the IO model will identify a linear economic accounting model to find the production process and source of emissions, and then decompose the direct and indirect emissions embodied in production. This paves the way for estimating CO2 emissions embodied in international trade for our purpose. An IO framework has been widely used to assess embodied energy and CO2 emissions stemming from multi-lateral trade activities (Wyckoff and Roop, 1994; Ferng, 2003; Wiedmann, 2009; Kanemoto et al., 2012) and bilateral trade activities of US -China (Shui and Harris, 2006; Guo et al., 2010 ). An IO framework has also been used to assess embodied CO2 emissions for US -China and the driving forces based on the emergy/dollar ratio (Du et al., 2011) , but the IO study anticipated in this paper shares similarities with Guo et al. (2010) . By using the linked Australia -China IO model, it is possible to establish the inter-sectoral links in carbon consumption in both countries.
In the EEBT approach in the literature, our analytical procedure begins by estimating the intensity of CO2 emissions using the standard International Panel on Climate Change (IPCC) formula, and then follows the input-output approach as an accounting tool to track the production process to track emissions embodied in production. The analysis considers both direct and indirect emissions. Equation 1 shows such a process,
where represents the vector of output; represents the vector of final demand that includes household consumption, government consumption, investment, variation in stocks and exports; is the identity matrix; and is a matrix of direct requirements. ( − ) −1 represents the Leontief inverse matrix which demonstrates the total requirement of inputs (direct and indirect) needed to satisfy the final demand.
Estimating the intensity of CO2 emissions
Sectoral level CO2 emissions can be estimated by using the following International Panel on
Climate Change (IPCC) formula:
where 2 are the total CO2 emissions of the ℎ sector and 2 are the carbon dioxide emissions from energy type . The CO2 emissions from the ℎ sector will thus rest on the consumption of ℎ energy in the ℎ sector ( ) as well as the carbon emission factor of each energy type ( ) and the heat value of energy (the number of calories generated by burning per unit of energy, ).
Eight types of energy that are used to capture energy consumption are: coal, coke, crude oil, petrol, natural gas, diesel, electricity and other refined fuels and they are measured in petajoules (PJ). Thus, the sectoral CO2 emissions can be calculated by multiplying the consumption of each energy type (measured in PJ) with its emissions factor (t CO2/PJ). The CO2 emissions factor of each type of energy comes from Guo et al. (2010) .
In this process equation 3 demonstrates the intensity of CO2 emissions in each sector,
where is the CO2 emissions intensity of sector , is the industrial output of sector (in PPP $), and 2 is the CO2 emissions of sector .
Estimating CO2 emissions embodied in Australia-China Trade
CO2 emissions embodied in Australia's exports (EEX) can be calculated by multiplying
Australia's sectoral embodied emissions intensity with sectoral exports:
where is the total CO2 emissions embodied in Australian's exports of the ℎ sector, is Australia's direct emission intensity of the ℎ sector; ( − ) −1 is Australia's Leontief inverse matrix, and is Australia's exports from the ℎ sector.
CO2 emissions embodied in Australia's imports (EEI) can be estimated based on China's sectoral embodied emissions intensity and imports from China:
where is the total CO2 emissions embodied in Australia's imports of the ℎ sector, is China's direct emissions intensity of the ℎ sector; ( − ) −1 is China's Leontief inverse matrix, and is Australia's imports from China's ℎ sector.
Estimating Australia-China Trade on Global CO2 Emissions
We assumed here that producers are accountable for the emissions embodied in international trade (under global policies like the Kyoto protocol) and therefore countries import if their local producers are not energy efficient. For example, China may import goods instead of producing them domestically and show lower national or global CO2 emissions by consuming Australian products. Guo et al. (2010) tested the impact of international trade on domestic CO2 emissions by establishing the following models,
where 2 * is the reduction of CO2 emissions in Australia by importing from China, (Guo et al., 2010) .
Data
We have linked IO tables, bilateral trade, and CO2 emissions from fuel combustion based on and domestic transport costs. Since we used CIF prices, it covers the cost of goods at the point of exports as well as the associated international insurance and transport costs. We assumed that the customs prices reflected the domestic transport cost as well.
Australia's sectoral energy consumption data are available from ABS (2012) 
Calculation results
The analysis begins using 9 sectors from Australia and China drawn from agriculture, industry, and construction. The calculations offered in this paper share similarities with Guo et al. (2010) because while we also calculated the emissions embodied in trade and bilateral 2 In the China Energy Statistical Yearbook (2010), the consumption of coal, coke, crude oil, petrol, diesel, and other refined fuels are measured in tons, natural gas is measured in cubic meters, and electricity is measured in kilo-Watt hours. The conversion factors are as follows: coal: 1 ton = 0.000020908 PJ, coke: 1 ton = 0.000028435 PJ, crude oil: 1 ton = 0.000041816 PJ, petrol: 1 ton = 0.00004307 PJ, diesel: 1 ton = 0.000042652 PJ, other refined fuels: 1 ton = 0.000042243 PJ, natural gas: 1 million cubic meter = 0.038931 PJ, electricity: 1 million kwh = 0.003596 PJ. 3 Both China Energy Statistical Yearbook and Australian Bureau of Statistics publish industrial final energy consumption by both primary and secondary energy types (for China see Zhang et.al. 2009 ). For example, electricity sector figure include only energy used for plant operation, not inputs to power and heat generation, which are distributed among end-use sectors by using the gross heat rate of power generation to convert electricity to standards coal (Fridley et al., 2011). trade on global emissions, we estimated Australia -China bilateral trade instead of USA -China bilateral trade by Guo et al. (2010) . In this sense the results of both studies are comparable in order to reach some valuable conclusions on greenhouse gas emission negotiations in world forums. Table 1 shows the sectoral intensity of CO2 emissions in Australia and China that were obtained using equations 2 and 3. The CO2 emissions were higher in China in most sectors such as mining, food and textiles, metal, and other manufacturing, which means that China emits more per unit of output relative to Australia for producing products at the sectoral level.
Intensity of CO2 emissions
One can see a huge gap in the sectoral energy efficiency in China relative to Australia. This indicates that China performs lower than Australia in clean technology, especially in mining (06 -09), manufacturing (14 -17, 19 -20, 21 -22 and 23 -25) , and energy sectors (26 -29) . This may be due to China's overuse of coal and its inefficient sectoral production processes relative to Australia. In other words, the world would be slightly better off if those mining and manufacturing products were produced in Australia instead of China because those sectors are highly energy intensive and energy saving technology is vital in order to reduce emissions in China. Australia's export of goods and services to China have grown quickly from an average annual growth rate of 24.5 per cent, while the imports from China increased by only around 7.6% of annual growth rate. This reflects the reduction in the surplus of BEET in China over time.
CO2 emissions embodied in Australia-China Trade
China's demand for a significant amount of agricultural, minerals, and energy products has driven the Australian economy during the global financial crisis of 2008 -11. Australia's major imports from China were mainly manufactures, with the major categories being metal, wood, paper, printing, petroleum, polymer non-metallic minerals, machinery and equipment, and furniture (21 -22, 14 -17, 19 -20, 23 -25) 
Australia-China Trade on Global CO2 Emissions
Note that the intensity of CO2 emissions from primary products (06 -09) in Australia were lower than in China (Table 1) , even though they increased Australia's CO2 emissions (Table   2 ) due to exporting for Chinese consumption, and they were produced in relatively efficient locations and otherwise reduced emissions. On the other hand, the intensity of CO2 emissions in China from manufacturing products (14 -25) was higher than Australia. These products were produced in relatively inefficient locations to satisfy Australian consumers and they ultimately harm the world as a whole. On this basis a complete and deeper understanding of the role of foreign trade and CO2 emissions from the perspective of Australia and the world could be sought.
The impact of Australia -China trade on both national and global CO2 emissions can be estimated using equations 6 and 7. In 2010-11, due to importing goods from China, Australia reduced 13.36 Mt of its domestic CO2 emissions, which accounted for 4.2 per cent of total Australian national emissions. Figure 2 shows the reduction of sectoral CO2 emissions in detail, such that the ANZSIC sectoral codes 14 -17, 19 -20, 23 -25 Note: 01-05: agriculture, forestry and fishing; 06-09: mining; 11-13: food and textile manufacturing, 18: chemical products manufacturing; 21-22: metal product manufacturing; 14-17, 19-20 and 23-25: other manufacturing sectors including wood, paper, printing, petroleum, polymer non-metallic mineral, machinery and equipment, furniture. Source: Authors' calculation. 4 In 2008 -09, Australia reduced emissions due to importing Chinese goods (11.09 Mt), this was not adequate to offset the rise of CO2 emissions while these products were made in China (EEI=49.49 Mt). If Australia produced and consumed its own goods and services instead of importing from China, it would have generated 13.36 Mt CO2, which was lower than the amount of CO2 China generated by producing the same goods and services (52.49 Mt CO2). Therefore, Australia's consumption of Chinese goods increased global CO2 emissions by ). Meantime if China did not import goods from Australia it would produce 80.87 Mt of CO2 emissions by producing the same goods, which would be much higher than the amount of CO2 Australia generated ( Note: 01-05: agriculture, forestry and fishing; 06-09: mining; 11-13: food and textile manufacturing, 18: chemical products manufacturing; 21-22: metal product manufacturing; 14-17, 19-20 and 23-25: other manufacturing sectors including wood, paper, printing, petroleum, polymer non-metallic mineral, machinery and equipment, furniture. Source: Authors' calculation.
Discussion
China's continuing economic growth and increased Australia-China bilateral trade have implications for bilateral carbon leakage. Most studies have concluded that China as a net exporter of emissions and as a result China has experienced carbon efficiency gains. For example, China's carbon emission intensity per unit of GDP is still 10 times higher than France and Japan, 3.9 times higher than the US, and 5 times higher than Canada (He and Fu, 2014) . Australia's imports partly promote the metals, machinery, and equipment sectors in China, which are very emissions intensive (Sinden et al., 2011) . In the mid-1990s Ahmad and Wyckoff (2003) concluded that Australia is also a net exporter of CO2 emissions, while from 1993 to 1997, Australian emissions embodied in exports (EEX) increased by 13% and emissions embodied in imports (EEI) grew by over 40%. Indeed, one third of the increases in EEI reflected increased imports from China. There is no doubt that emissions embodied in (1) the free allocation of tradable emission allowances, or offering state aid in order to offset the ETS, (2) border price adjustments which is an adjustment of imports and exports for offsetting carbon price differences 6 , or (3) negotiating international agreements that create a similar carbon price such as the Kyoto protocol. The first and second options require state intervention in international trade and that harms energy efficiency and industrial competitiveness.
Conclusion and Policy Implications
This paper fills a gap in the literature on CO2 emissions embodied in bilateral Australia-China trade. China is Australia's largest two-way trading partner and contributes one fifth of the overall trade of Australia. Australia's exports to China are primary goods and the imports consist of manufactured goods. Our analysis shows that China performs lower than Australia in clean technology, especially in the mining (06 -09), manufacturing (14 -17, 19 -20, 21 -22 and 23 -25) , and energy (26 -29) sectors. This may be due to China's overuse of coal and inefficient sectoral production processes that are likely to adversely affect greenhouse gas emissions, but Australian consumers are also partly responsible due to their increasing demand for these products. In this regards an increase in carbon leakage is attracting concern because China had a surplus of 30.94 Mt of bilateral CO2 emissions in 2010 -11, and this showed that the rate of increase in the scale of production for the Australian market was This shows that Australia is a relatively carbon efficient producer of primary products and therefore their exports to China contribute to lower global emissions as a whole, but if China produces all of its imports locally then overall global emissions would have been even higher.
These results clearly show that international trade does not necessarily always increase the global CO2 emissions. Australia -China bilateral trade compositions and trade volume played an important role in influencing global emissions. The greater the carbon efficiency that a country has among its trading partners the lower will be the global CO2 emissions however, to maintain a sustainable economic relationship both countries must adopt a sustainable energy and environmental policy.
Locations with lower energy intensity may be the level playing field of the future because to remain competitive China should strengthen its energy-saving technology and transfer it to the highly emitting processing and manufacturing sectors as a priority. Those sectors of China with high emissions embodied are as follows: 42 per cent of China's overall EEX are from the manufacture of machinery and equipment sector, and 35 per cent of overall EEX are from textiles, wearing apparel and leather industries, chemical industry and metals industry (Liu et al., 2013) . These high energy intensive sectors need to focus on substantially reducing their overall carbon leakage, while the industries concerned have the potential to reduce emissions by promoting learning and adopting energy saving technology from elsewhere.
This recommendation is similar to Guo et al. (2010 Guo et al. ( : p.1396 ) for bilateral USA-China's global emissions. Authors say that 'China should pay more attention to the responsibility of reducing emissions rather than focusing on the accounting of emissions when participating in the international climate change negotiations in the future'. China's policies on other areas, for example the exchange rate policy, are also matters that determine competitiveness.
The expectation of the recent ChAFTA agreement is to promote more primary exports from Australia and therefore this will enhance the sustainability of trade between the two countries.
For a sustainable trade relationship both countries must adopt a sustainable energy policy. By adopting ETS or a similar policy, both countries can achieve competitiveness in the light of their own changing comparative advantage, while generally reducing greenhouse gas emissions and carbon leakage. Failing this, protectionism in the form of border protection may be the only option available to address country-based competitiveness, but this option will increase regulations in the industry/sector and tend to reduce bilateral trade and competitiveness. This paper has certain limitations which will be addressed by upcoming works. First, a comprehensive approach to the impact of trade on greenhouse gas emissions means that the MRIO model must be incorporated. The combined EEBT and MRIO methods gave more insight where the EEBT analysed total trade flows and MRIO analysed final consumption (Sinden et al. 2011) . Second, the role of processing trade and imports from other countries and from other regions were not completely accounted for because in this globalised world two countries are not isolated in their economic activities and their interactions with all their other trading partners were not captured. Third, in order to match last available Australian IO China will be used in future studies. Fourth, Sectoral classification was limited to 9 sectors mainly because the matching detailed sectors for both countries were not available. More indepth industry/sector analysis may help to identify the opportunities of CO2 emissions by industry/sector for making policy suggestions for both nations.
